[1] Clear S to P converted waves at the 660-km discontinuity (S 660 P) are observed at stacked seismograms of deep earthquakes occurring in northeast China and Japan Sea recorded by broadband seismic arrays in North America and Europe. Differential travel times between the S 660 P and P waves are used to constrain depth variations of the 660 beneath northeast China. A rapid change in the depth of the 660 is observed within a narrow longitudinal range of 130.8°E-131.4°E, where the lower boundary of the subducting slab encounters the 660. Towards the west, the 660 deepens steadily as it approaches the coldest core of the slab. The maximum depression occurs at the west end of the studied region with an amplitude of $20 km. To the east, the 660 appears to be flat, showing no obvious effect of the subducting slab. These observations are consistent with a scenario for a retrograde moving Pacific slab lying over the upper and lower mantle boundary progressively from west to east. Citation: Li, J., Q.-F. Chen, E. Vanacore, and F. Niu (2008), Topography of the 660-km discontinuity beneath northeast China: Implications for a retrograde motion of the subducting Pacific slab, Geophys. Res. Lett., 35, L01302,
Introduction
[2] Whether slabs of old oceanic lithosphere penetrate the 660-km discontinuity (hereafter referred to as the 660) directly into the lower mantle, or are trapped in the middle mantle is an important issue in order to understand scales of mantle circulation. The fate of the subducting slabs, however, remains an area of active debate, partly because of the complicated tomographic images obtained from various subduction zones [e.g., van der Hilst et al., 1997; Fukao et al., 2001; Grand, 2002] . Along the west margin of the Pacific plate, slabs beneath northern Kurile and Mariana appear to sink directly into the lower mantle; while beneath southern Kurile, Japan and Izu-Bonin arcs, slabs are found to be lying horizontally over the 660 [e.g., Fukao et al., 2001] .
[3] While major subduction characteristics can be described by the thermal parameter of the subducting slab [e.g., Stern, 2002] , the shape of the slab appears to be affected by many other processes and factors, such as trench migration, resistance from the 660, rheology of subducting lithosphere. Numerical modeling found that under different circumstances, it is possible to generate various styles of slab behavior shown in seismic tomography images [Christensen, 1996; Tagawa et al., 2007] . In general, trench migration tends to prevent slab penetration into the lower mantle and to facilitate the slab flattening above the phase boundary [Christensen, 1996; Tagawa et al., 2007] . Besides trench migration, nature of the 660 and viscosity contrast across it also seem to play an important role in controlling slab morphology. It is now generally believed that the 660-km seismic discontinuity is caused by the temperature-sensitive phase transition from ringwoodite to perovskite and magnesiowustite [Ito and Takahashi, 1989] . Because the phase change has a negative Clapeyron slope, a temperature induced depression of the 660 is expected within a cold subducting slab [Vidale and Benz, 1992; Wicks and Richards, 1993; Niu and Kawakatsu, 1995; Collier and Helffrich, 1997] .
[4] One ideal location to study the interaction between a subducting slab and the 660 is northeast China, where the subducted Pacific slab seems to be deflected subhorizontally around the 660 [Fukao et al., 2001] . A large-scale depression of the 660 is observed from SS precursor data [Shearer and Masters, 1992; Flanagan and Shearer, 1998 ]. On the other hand receiver function study by Li and Yuan [2003] found a deeper-than-normal 660 over an area of 400 km centered by a localized depression where the 660 reaches as deep as 695 km. Both the SS and receiver function analyses require a good velocity model of the upper mantle in order to position the reflected and converted wave field to proper depths and locations. Here we use the S to P wave converted at the 660 to map fine-scale lateral variations in the depth of the 660. The method depends only on the velocity structure between a deep earthquake and the conversion point, and subsequently is less sensitive to the velocity of the heterogeneous upper mantle.
Data and Analysis
[5] One component of P-coda wave of a teleseismic record is S to P conversion waves at mantle discontinuities located below the source, for example, the S 660 P, which starts as a down-going S wave and is subsequently converted to a P wave at the 660. Because the S 660 P and P travel along almost identical ray paths after the S to P conversion, the differential travel time of the two phases, t S660P-P , is a function of distance between the source and conversion point. Compared to P wave, the S 660 P has a smaller slowness, and thus is received at a steeper incident angle.
[6] Seismic arrays used in this study include the Southern California Seismic Network (SCSN), the Pacific Northwest Regional Seismic Network (UW), the Colorado Plateau/Rio Grande Rift Seismic Transect Experiment (RISTRA), and the German Regional Seismic Network (GRSN). The source-receiver geometry allows investigating the subduction zone beneath northeast China from both eastward and westward directions (Figure 1 ). Both the UW and SCSN networks have $100 -200 stations, while the RISTRA and GRSN arrays consist of $50 and $30 stations, respectively.
[7] We selected a total of eight deep events with a source depth >350 km and a simple source time function that occurred beneath northeast China and Japan Sea (Table 1) . These earthquakes are distributed approximately between 129°E and 136°E, covering a wide area that has either significant or no presence of the subducting slab right above the 660. We visually examined every vertical-component seismogram and excluded those with low SNR, bad records or low waveform similarity to other stations. We handpicked the depth pP phase and used the differential travel time, t pP-P , to redetermine the source depth of each event. A comparison of focal depths redetermined from the GRSN and US of the same events suggested that uncertainty in the relocated depth is < 3 km.
[8] The selected seismograms were first low-pass filtered with a corner frequency of 0.5 Hz. We then manually picked the first peak of the P waves and aligned them at the picked times. All the seismograms were normalized by their maximum amplitude in the time window À10 -140 s relative to P. To enhance the amplitude of the small later arrivals and estimate their slowness, we employed a slant stacking method. We varied slowness within the range of ±2 s/deg with an increment of 0.02 s/deg. Time correction for each trace is calculated with a plane wave assumption before each stacking. We have a total of 101 stacked traces which are converted to amplitude envelopes using Hilbert transform. The maximum amplitude is chosen from all the stacked traces and is used to normalize the traces in a unit of decibel. The final result is indicated by a color contour map in which ''hotter'' color clusters represent greater energy and may indicate possible phase arrivals. An Nth root stacking algorithm was employed to perform the summation of seismograms [Muirhead, 1968] . The 2nd root stacking results of the eight events recorded by different arrays are shown in Figure 2 . Events are sorted by focal depth with the left and right panel showing ray paths directing to the west and east, respectively. We also made linear stacks of all the available event-array pairs and used them to measure t S660P-P , as linear stack preserves the shape of waveform while Nth root stack can severely distort the original waveform.
[9] We used the iasp91 velocity model [Kennett and Engdahl, 1991 ] to convert t S660P-P to the conversion point depth. We also used PREM [Dziewonski and Anderson, 1981] for the time-depth conversion and found no significant difference (<1 km) between the two models. We further estimated effects of 3D velocity structure on the time-depth conversion. To do this, we assumed a 2D raypath and counted the cumulative travel time anomalies caused by 3D velocity structure along the raypath for both P and S 660 P. We used the P-wave velocity model of Fukao et al. [2001] and an S-wave velocity model converted from the P model with a scaling relationship of dlnV s /dlnV p = 1.6 [Karato and Karki, 2001] . In general, the 3D corrections on t S660P-P are trivial, usually less than 0.3 s except for the shallowest event for which the correction is 0.5 s. The depths listed in Table 1 include this 3D correction. We also calculated the 3D corrections with other global models [van der Hilst et al., 1997; Grand, 2002] and found the corrections from different models agree quite well (<0.2 s). As mentioned above, ray paths of S 660 P and P differ only within the source region before the S to P conversion and become almost identical after the conversion. The source region of the western Pacific is well resolved in most of the global models because of the large amount of earthquake data. This may explain the consistence in the 3D corrections among different models. In general the magnitude of lateral heterogeneity in the transition zone is much smaller than the upper mantle, so the error in t S660P-P associated with unmodeled 3D structure should be very trivial. Moreover, this unmodeled 3D structure error should apply to all the depth measurements, and thus should not affect our results on the depth variation of the 660. Our synthetic tests indicated that the slant stacking with a plane wave assumption causes almost no anomaly on t S660P-P . We used a cross correlation method to measure t S660P-P , which in principle permits sub-sample precision. Thus the processing error including stacking and picking is expected to be less than one sampling interval (0.05 s). Including all the errors discussed above, the uncertainty on the 660 depth measurements is anticipated to be less than 5 km.
Results and Discussion
[10] The subducting Pacific slab beneath Japan Sea and northeast China between 41°N and 45°N shows an approximately north -south trend as indicated by the WadatiBenioff zone [Gudmundsson and Sambridge, 1998 ]. We thus projected the estimated depths of the S 660 P conversion points along latitude 43°N (Figure 3a ). There is a rapid change in the depth of the 660 within the longitudinal range of 130.8°E -131.4°E (red symbols in Figure 3a) . The location appears to coincide with the place where the lower boundary of the subducting Pacific lithosphere encountered the 660 (Figure 3b ). Although our data have no resolution on whether the transition occurred gradually or abruptly within this longitudinal range, the differential depth in the 660 between the red square and red circle must be robust as they are determined from the same earthquake and thus should not be biased by earthquake depth. East of the rapid transition, the depth of the 660 appears to be flat, with no statistically significant variation. Towards the west, the 660 deepens steadily as it approaches the cold core of the subducting slab. The maximum depression, $20 km, is observed at the most west sample point.
[11] Among the total of eight events, we are able to observe evident S 660 P simultaneously in the GRSN array and one of the three US arrays from four events, resulting in four-pair estimates of the 660 depth. As discussed above the relative depth in a pair is well determined since it is not affected by source depth. Because of the overlap in the conversion points, the topographic relief shown in Figure 3a should be a robust observation.
[12] In general, our estimate of the depth of the 660-km discontinuity is consistent with previous results of receiver function analysis [Li and Yuan, 2003] and SS precursor studies [Shearer and Masters, 1992; Flanagan and Shearer, 1998 ]. Because of the lack of coverage of our data towards the further west (Figure 1) , we are not able to confirm the localized area with very large depression identified by Li and Yuan [2003] . Due to the low lateral resolution of the SS precursor, it has been argued that the real anomaly might be much smaller in scale [Neele et al., 1997] . The good agreement between our measurements and the SS precursor results suggests that the large-scale and low-amplitude topography of the 660 in this area is probably a true feature, as demonstrated by Shearer et al. [1999] .
[13] The 20 km depression of the 660 beneath northeast China is much smaller than those observed in Tonga ($70 km) [Niu and Kawakatsu, 1995] and Izu-Bonin ($40 km) [Collier and Helffrich, 1997] subduction zones. We noticed that both regions are characterized by steepangle subduction. The deepest conversions usually come from ray paths sampling the coldest slab core. Because of the horizontal deflection, the coldest core of the subducting Figure 2. Color contour maps of the stacked traces of all the event-array pairs. Events are sorted by focal depth. Left and right panels show ray paths directing to the west and east, respectively. ''Hotter'' color clusters represent greater energy and may indicate a phase arrival. S 660 P arrivals are indicated by red arrows. For comparison, reflections from the 410-km discontinuity, p410P and s410P, predicted by iasp91 model are shown in white crosses.
Pacific slab beneath northeast China may either never reach to the 660 or lies further west to our study area. This might explain the small amplitude of the depression observed here.
[14] The observed depression beneath northeast China may be converted to a temperature deficit within the subducting slab if we assume that the perturbation to the 660-km discontinuity depth is thermal in origin. The conversion depends on the values of the Clapeyron slope of the phase boundary. Early estimates of the Clapeyron slopes from experimental studies are in the range of À4 to À2 MPa/K [Ito and Takahashi, 1989; Ito et al., 1990; Akaogi and Ito, 1993] . Bina and Helffrich [1994] re-evaluated earlier experimental data and found that the implied value of Clapeyron slope of the 660 is more nearly consistent between À3.0 to À2.0 MPa/K, which also agrees with the late laboratory measurements [Irifune et al., 1998; Shim et al., 2001] . The temperature reduction with the above Clapeyron slope values is 222-333 K for a 20 km depression. Most recent studies, however, found that the Clapeyron slope of the post-spinel phase transition of anhydrous ringwoodite is rather small, between À2 to À0.4 MPa/K [Katsura et al., 2003; Fei et al., 2004; Litasov et al., 2005] . Litasov et al. [2005] suggested that a significant portion of the topography of the 660 is caused by water content rather than temperature.
[15] Our observations of the 660 topography can be used to constrain subduction dynamics and rheology of the subducting lithosphere. It is unlikely to explain the observed topography with the simple slab-penetration model (Figure 4a ). In this model slabs penetrate the 660 and sink into the lower mantle continuously. Because of the increase of viscosity across the boundary, a significant broadening occurs to the slabs before the penetration. Distance between the deepest event and the seaward depression corner (X in Figure 4 ) is expected to be larger than the normal slab thickness (Figure 4a ). The observed distance beneath northeast China is around 100 km, roughly similar to the lithosphere thickness of the subducting Pacific plate.
[16] A recent experiment on the grain growth of ringwoodite [Yamazaki et al., 2005] indicated that ringwoodite in a cold subducting slab has fine grain size and deforms dominantly by diffusion creep. Viscosity of the slab subducting through the transition zone is likely to be 4 -6 orders of magnitude lower than that of the surrounding mantle when the temperature effect is not considered. Due to the increased viscosity in the lower mantle, such a ''soft'' slab could easily be deformed and pile up above the 660 (Figure 4b ). The pileup could lead to a localized broad depression of the 660 that is more likely to be symmetric in both the seaward and landward directions. This local symmetry is, however, not supported by the data. [17] The symmetric pileup, however, can be avoided when significant trench retreat is present. In this case, one would expect the ''soft'' Pacific slab lying over the 660 progressively from west to east, resulting in an asymmetric deflection as observed in the data. This scenario was well demonstrated by numerical simulations [Christensen, 1996; Tagawa et al., 2007] . Miller et al. [2006] found that position of the trench under Japan-Kurile arc has been retreating from Miocene, resulting in a curved shape of the trench along the north central Japanese islands.
Conclusions
[18] We have analyzed several array data for deep focus earthquakes that occurred beneath northeast China and Japan Sea to constrain the depth variation of the 660 adjacent to the subducting Pacific slab. We found a depression of the 660 which starts from the intersection of the lower boundary of the Pacific slab and the 660 and extends to west with a steady increase of amplitude. This observation is consistent with a scenario for a soft Pacific slab lying over the 660-km discontinuity progressively from west to east due to the eastward retreat of the Japan trench. The interaction between a subducting slab and the upper and lower mantle boundary need to be understood in an integrated dynamic system consisting of relative plate motion, trench migration, rheology of the subducting slab, and nature of the 660-km seismic discontinuity. 
